bronchopulmonary dysplasia; hyperoxia MECHANICAL VENTILATION is frequently required to maintain oxygenation of neonates in respiratory distress or adults with acute lung injury, such as acute respiratory distress syndrome (ARDS). However, mechanical ventilation can also increase vascular permeability and induce inflammation. Acute lung injury requiring ventilation occurs at an estimated rate of 78.9 per 100,000 adult persons and results in age-dependent inhospital mortality averaging 38.5% (68) . Although mechanical ventilation is often necessary for patients presenting with respiratory distress, it frequently causes additional lung injury (73) . Similarly, infants born before 30 wk of gestation, weighing Ͻ1,500 g, commonly develop bronchopulmonary dysplasia (BPD), a chronic lung disease characterized by failed morphological development (6) , in response to ventilation with supplemental oxygen. BPD is the most common disease of premature infants (29) .
Deleterious effects of mechanical ventilation with supplemental oxygen are supported by findings that both infants and adults with acute lung injury ventilated at lower tidal volumes are at a lower risk for prolonged hospital stay and death (3, 29) . In both infants and adults, the side effects of mechanical ventilation with supplemental oxygen are identical to other forms of acute lung injury, including pulmonary edema (10, 82) , oxidative stress responses (16, 26) , aberrant immune system activation and inflammation (64, 94) , and the apoptotic death of lung epithelial cells (22, 54) . Synergism between ventilation and sepsis exacerbates inflammation and damage (2) . Collectively, injury caused by mechanical ventilation of the lungs is referred to as ventilator-induced lung injury (VILI).
While several rodent and nonhuman primate models of VILI are currently in use in both neonates and adults, it is unclear to what degree they replicate the pathology of the human disease. However, orthologous stress responses that predict outcomes across different species have been identified in response to radiation exposure (28) , and there is great interest in identifying conserved genomic responses in cancer (36) and aging (55) . The identification of conserved transcriptional profiles in aging, neoplasia, and stress responses suggests that crossspecies analysis can improve discriminatory power between physiological states by eliminating unrelated biological noise. Similarly, earlier microarray work in VILI hypothesized that conserved transcriptional responses were more likely to be related to the stimulus (34, 50) .
In the present study, we tested a much larger group of 114 whole lung microarray samples in four species and five mouse strains. To reduce false discovery rates (FDRs), we identified and adjusted for a large proportion of unmodeled variation with surrogate variable analysis (SVA) (49) and used updated, sequence-verified "definitions" for Affymetrix microarrays (21) . Because computational methods have proven utility in identifying the upstream regulatory mechanisms of disease, we used a computational method to predict the targets of biologically relevant, differentially expressed transcription factors (TFs). Our results provide a basis for potential therapeutic intervention.
METHODS
Baboon model of BPD. The experimental model, which closely duplicates treatments for preterm human infants, has recently been described in detail (60) . Animal studies were performed at the Southwest Foundation for Biomedical Research (San Antonio, TX) in accordance with the National Research Council's Guide for the Care and Use of Laboratory Animals, and the Animal Care Committee of the Southwest Foundation for Biomedical Research approved all protocols. Fetal baboons were delivered by hysterotomy at 125 Ϯ 2 days or 140 Ϯ 2 days of gestation (term ϭ 175 days) after the pregnant dams received 6 mg of betamethasone at 48 h and 2 h before delivery. The premature baboons were intubated, treated with surfactant (Survanta at 4 mg/kg), and placed on positive-pressure ventilation with tidal volumes of 4 -6 ml/kg to maintain PCO2 of 45-55 mmHg, with supplemental O2 as needed to maintain arterial PO2 at 40 -60 mmHg, for 14 days. Premature baboons delivered at 140 days and killed at delivery served as gestational controls for the ventilated treatment group. Tissue from one animal was hybridized to each Affymetrix HG-U133Av2 microarray. There were no technical replicates or pooling in the microarray study.
Reverse transcription and second strand synthesis. Total RNA was isolated from samples of snap-frozen peripheral lung tissue with a commercial kit (RNAqueous, Ambion). RNA quality and concentration were assessed by Agilent technology (Palo Alto, CA), a capillary electrophoresis-based technique.
First strand synthesis was accomplished by using 10 g of total RNA plus a "spike" of nonvertebrate mRNAs as internal controls, a poly(dT) primer with a T7 RNA polymerase adaptor, and Invitrogen's SuperScript II reverse transcriptase. Escherichia coli DNA polymerase I and RNase H were used for second strand synthesis, and T4 DNA polymerase was used to "polish" the double-stranded product. The cDNA products were then purified with phenol-chloroform extraction and ethanol precipitation.
Amplification and fragmentation of target for gene array hybridizations. A commercial kit (Enzo, Farmingdale, NY) was used to generate high yields of RNA transcripts from the cDNAs that were primed with a T7 adapter oligo(dT) primer. RNA was synthesized with biotin-labeled oligonucleotides and then purified with the RNeasy reagent and protocol from Qiagen (Valencia, CA). After purification, target was fragmented to facilitate hybridization, and quality and concentration were assessed again by Agilent analysis.
Bioinformatic analysis. All analyses were performed with the R statistical package (version 2.7.0) (63) and Bioconductor libraries (version 2.1) (31) . Individual analyses and citations therein are described in the following sections.
Annotation of microarray data/identification of orthologs. We downloaded .CSV-formatted annotation data for the Affymetrix HGU133Av2 human oligonucleotide microarray from the support section of the Affymetrix website (version 25, dated 3/18/08). The ProbeMatchDB database identified cross-species orthologs by UniGene ID (83) .
Previously published/publicly available lung microarray data. Supplemental File S1 contains the sources and unique identifiers for all samples used in the present study. 1 Only unpooled, individual biological samples that could be verified as such were used. To preserve the highest possible number of probe sets for statistical testing, certain chip series that were otherwise acceptable were preferentially eliminated because of relatively small numbers of probe sets on that particular chip series, including GSE6044 and GSE2368. Eliminating those two series resulted in an approximately twofold increase in orthologous genes available for testing (data not shown).
Data normalization. The raw data were reannotated with updated CDF definitions, built for UniGene IDs, version 10 (21). Human CDF definitions were used for baboon data. All Affymetrix .CEL files were normalized in R with the RMA algorithm (42) . Normalizations were carried out individually for each Affymetrix chip series. Log 2 data from all 114 samples were scaled to mean zero and variance one within each individual sample in order to minimize technical variation before SVA and statistical testing.
Statistical testing of data sets from multiple species. All samples were partitioned into control and ventilated groups, and significant surrogate variables were identified with the SVA method (49) as implemented in the "sva" library, version 1.1.0, for R. These were specified as covariates for the ANOVA. P values were converted to FDR-adjusted q values by the method of Benjamini and Hochberg (9) as implemented in the "p.adjust" function in R. q-Value distributions were compared with the two-sample Kolmogorov-Smirnov (KS) test in R. To compare results with and without the 17 human samples, we used the "cor" and "cor.test" functions in R.
Statistical testing and visualization of baboon groups. After normalization and data preprocessing outlined above, statistical testing was performed separately for the baboon data. The Rank Products algorithm (12) was used from the "RankProd" package (version 2.80) for R. Heat maps were generated with the "heatmap" function in R; dendrograms on heat maps were generated with the "hclust" function in R and complete linkage.
TaqMan quantitative RT-PCR of baboon groups. Quantitative real-time PCR (qRT-PCR) was performed to confirm the key results from the DNA microarray analysis. Identical pooled baboon RNA samples used for microarray were used for qRT-PCR. The following Taqman probes were used: ATF3 (Hs00910173-m1), EREG (Hs00154995-m1), FOS (Hs00170630-m1), GRP (Hs00181852-m1), GAPDH (Hs02758991-g1). Complementary DNA synthesized with SuperScript II reverse transcriptase (Invitrogen) was mixed with Taq Universal Master Mix and TaqMan probe. Relative differences among the samples between control and ventilated baboons were determined with the ⌬⌬C T (where CT is cycle threshold) method. Briefly, a ⌬CT value was calculated for each sample with the CT values for GAPDH and the target genes. The ⌬⌬C T values were then calculated by subtracting the ⌬C T of the control group from the ⌬CT of the ventilated group. The ⌬⌬C T values were converted to fold differences versus the control by raising 2 to the power ⌬⌬C T (2 Ϫ⌬⌬CT ). Identification of upstream binding motifs. The Promoter Analysis Pipeline (PAP) was used to predict genes with cis-regulatory elements bound by selected TFs in human, rat, and mouse (15) . For this purpose, we used the Perl API (application programming interface) implementation of this method freely available at http://bioinformatics. wustl.edu/webTools/PromoterSearch.do (14) .
Detection of significantly altered gene ontologies and transcription factor binding motifs. Using the annotations downloaded from www. affymetrix.com, we organized all probe sets' Gene Ontology (GO) (5) annotations into Biological Process (BP), Cellular Component (CC), and Molecular Function (MF) subcategories. For all GO subcategories with at least five genes, the "ks.test" function in R (1-tailed test) was used to test for significant differences in the distributions of P values for genes in each GO category. We randomly sampled 10,000 sets of genes for all gene sets' sizes and computed a one-tailed KS test statistic for each draw, e.g., the P value of a category with 20 genes was calculated by comparing it with the P value distribution of 10,000 KS tests, where each test compared the P values of a set of 20 randomly drawn genes to the P values of all genes. Then, for each category, P values for gene set enrichment were produced by dividing the number of randomly drawn P values more significant than the observed P value by the number of randomly drawn P values (in all cases, 10,000). P values were then adjusted for FDR as above.
We downloaded the PAP database (see above) and examined regions predicted to be conserved between human and mouse. For genes shared between our data sets, we associated a position-weight matrix (PWM) from PAP with a gene only if the R score for the PWM (15) was in the top 5% of all PWM R scores for that gene. We used the KS test to identify significant differences in the distributions of P values for genes binding a given motif. As for ontology testing, we did not consider sets with fewer than 5 members and calculated P values by randomly sampled sets of 10,000 P values for each group size, followed by FDR adjustment as above. For high-scoring PWMs displayed in Table 6 , if multiple PWMs targeted the same TF, only the most significant result is presented in the table.
RESULTS
Statistical testing of cross-species data set. To identify transcriptional events that were conserved across multiple species in response to mechanical ventilation of the lung, we aggregated all available whole lung Affymetrix oligonucleotide microarray data from public databases (Fig. 1) . The final "cross-species" data set included 90 healthy and 24 ventilated samples of various ages, four species, and both sexes (Supplemental File S1). The mouse data included five inbred mouse strains. The probeMatchDB (83) was used to match orthologs from human, baboon, mouse, and rat, yielding 2,531 probe sets available in all samples for statistical testing. Supplemental File S2 contains normalized expression values for the entire data set.
There were large differences between samples owing to batch effects; genetic, species, sex, and age differences; and other unmodeled effects. We used SVA to identify and quantify systematic, confounding variation due to factors orthogonal to experimental design (49) . In the cross-species data set, SVA identified four significant surrogate variables, which were included as covariates for statistical testing. Supplemental Figure S1 shows that all probe sets were significantly affected by at least one surrogate variable.
We tested the 2,531 orthologous probe sets for significant expression changes between the 90 control and 24 ventilated samples. P values were adjusted for FDR (9) , and 60 significant genes at q Ͻ 5E Ϫ3 are presented in Table 1 . FDR-adjusted q values with and without inclusion of surrogate variables are compared in Fig. 2 . Because the cross-species group included only nonventilated human samples (i.e., there were no ventilated humans), we repeated the identical analysis as for the cross-species group, this time omitting those 17 human sam- ples, and compared the resulting q values with those from the entire cross-species group. The correlation between the two sets of q values across the 60 highly significant, differentially expressed transcripts was 0.728, which was highly significant (P ϭ 4.40E Ϫ11 ). As expected, given the larger number of statistics, across the entire group of 2,531 transcripts in the cross-species data set, the correlation was higher (0.980) and also highly significant (P ϭ 2.20E
Ϫ16
). All 60 differentially expressed genes were still highly significantly differentially expressed when the human samples were omitted; the largest q value when the human group was omitted was 2.33E
Ϫ2 . Supplemental File S3 contains a direct comparison of the q values with and without human samples.
Statistical testing of baboon groups. We performed another statistical analysis (Fig. 1) , using only the baboon cohort, with the nonparametric Rank Products method (12) because of the limited baboon sample size (n ϭ 10). Rank Products uses a permuted fold change method to determine significance and generate FDR-adjusted q values. Table 2 contains the most significant, differentially expressed genes at q Ͻ 1E Ϫ4 for which no random permutations produced more extreme statistics. Supplemental File S4 contains additional expression data for all probe sets in the baboon cohort.
Comparison with previously published microarray studies. To directly compare our results from both analyses with those of previously published microarray studies of VILI in smaller sample groups, we examined the set of 37 genes previously aggregated by Wurfel (90) from four existing microarray studies (2, 18, 24, 34) . Of the 37 genes highlighted by Wurfel as being significantly differentially expressed in at least two previously published microarray studies, 17 were within the set of 2,531 genes in the cross-species group and 28 were within the baboon group. With a significance level of q ϭ 0.05, of the 17 shared with the cross-species group only 8 were deemed significantly differentially expressed by us (Supplemental File S5), and of the 28 shared with the baboon group only 6 were significantly differentially expressed in that group (Supplemental File S6).
qRT-PCR confirmation of selected transcripts. Selected transcripts were chosen on the basis of their statistical significance in the data sets for TaqMan verification using pooled baboon mRNA samples (Table 3 ). This was done by using identical samples as for microarray. TaqMan fold changes between pooled groups of control and ventilated baboons were in good agreement with microarray data.
Bioinformatic prediction of gene regulatory mechanism. Recent work has shown that small changes in the availability of TFs can have profound effects on gene expression, such as during development of the immune system, where relative concentrations of a single TF determine cell fate (23) . The transcriptional response to mechanical ventilation in the crossspecies data set was the result of both long-and short-term (i.e., chronic and acute) signaling events, and differentially expressed TFs were likely to have aberrantly regulated downstream target genes.
Previous work has shown that within a given tissue, TFs with functional roles that are highly conserved between rodents and primates can have very species-specific target gene activation (57) . Ideally, further analysis of the baboon group would allow for this possibility and use information from the crossspecies analysis to prioritize results of testing the baboon group. Of the TFs in Table 1 , PWMs are defined for ATF3, FOS, and MYC. Both ATF3 and FOS were significantly differentially expressed also in the baboon data set (ATF3 q ϭ 6.80E
Ϫ3 ; FOS q ϭ 5E Ϫ4 ; Supplemental File S4) and were verified by TaqMan (Table 3) . We used PAP (14) to make computational predictions of genes with cis-regulatory regions likely to be bound by both ATF3 and FOS (15) . Table 4 shows results from PAP that were merged with the list of significant differentially expressed genes from the baboon group at q ϭ 5E Ϫ2 . Although MYC was highly significant in the crossspecies data set (q ϭ 1E Ϫ4 ) and upregulated ϳ40% within the baboon group, the change was not significant (P Ͼ 1E Ϫ1 ) within this group; however, because, like FOS and other AP1 components, MYC is transcribed in response to mechanical stimuli (7, 69) , it seemed likely that MYC did not reach significance because of inadequate power in this group of 10 samples. Supplemental File S7 is an analysis identical to that from Table 4 , with predicted targets of ATF3, FOS, and MYC in the baboon model. The results were quite similar, with the similarity between gene sets possibly explained by the abundance of MYC binding sites in the mammalian genome. Figure 3 shows overall gene expression levels in the baboon BPD model for the combined set of significant transcripts from Tables 2  and 4 .
Detection of significantly altered gene ontologies and transcription factor binding motifs. To get an overview of largescale changes in gene expression, we examined GO categories for significant overall changes in gene expression and tested whether differentially expressed genes had an overrepresentation of any TF consensus binding sites. While 2 -or hypergeometric tests are commonly used for this purpose, empirical distribution-free (EDF) tests do not require an arbitrary significance cutoff and have more power to detect distributional changes (8) . To identify significantly altered GO categories with at least five members represented in either the crossspecies data set or the baboon data set, we used the KS test and corrected for FDR. Table 5 shows the 10 most significant categories for each of the 2 comparisons in each category and their corresponding FDR. In addition to our focused analysis of putative ATF3 and FOS targets, it was also of great interest to do a broad search for other TFs likely to be preferentially activated by ventilation. Six hundred thirty-six characterized PWMs from TRANSFAC (87) and JASPAR (70) are included in the PAP database. After filtering to associate each gene with only the highest-scoring PWMs (METHODS), we used the KS test to predict TFs that were most likely to have driven differential gene expression. Table 6 shows the 10 most significant PWMs after FDR correction.
InterPro domains were also tested for overrepresentation, but very few domains reached even marginal significance in either comparison. Complete results for GO categories, PWMs, and InterPro domains are contained in Supplemental File S8.
DISCUSSION
Cross-species identification of transcriptional targets of mechanical ventilation. Using microarrays, we identified previously unknown modulators of VILI in the lung by aggregating data from divergent genetic backgrounds, species, and ages to generate estimates of gene expression changes that were likely to be highly conserved. The quality of our results was greatly improved by two steps-SVA (49) and updated definitions (21) .
The combination of different microarray chip versions and the matching of orthologs reduced the number of available probe sets for statistical testing by a factor of more than four compared with the baboon cohort. This also reduced the multiple testing burden and allowed a large increase in sample size. The 2,531 probe sets interrogated more well-annotated genes with known orthologs in both primates and rodents, but (12) when the baboon group was tested separately. q values are estimated at Ͻ1E Ϫ4 because none of the randomly drawn fold changes from the permuted data set was more extreme. qRP, FDR-adjusted q values. For comparison, and because they were also highly significant, FOS, ATF3, and MYC are also shown. NA, gene assignment not available or unknown. it is unlikely that the use of only the 2,531 orthologs introduced additional bias in represented ontologies or genome coverage.
Combining divergent microarray samples appeared to identify physiologically relevant and highly conserved responses but also introduced substantial noise that might have obscured our results, shown by comparison of q value distributions. Statistical testing of microarray data is typically confounded by unmodeled covariates (49) , and combining data from different laboratories, experiments, and species increased the amount of confounding noise. SVA is useful because it identifies socalled "surrogate variables" and converts them into weighted covariates for adjustment in statistical testing. Our results suggest that SVA is a reasonable alternative to nonparametric tests. While there is little purpose in identifying the confounding effects, as they lack predictive power or diagnostic value, our results do suggest that previous microarray studies of VILI that have combined array data from different species have had high FDRs, and that careful reanalysis of public data sets not included here is likely to be fruitful. Indeed, comparison of our results with those aggregated by Wurfel (90) across multiple, previously published studies supports this.
Because they affected all transcripts, the covariates likely represented a mixture of technical and biological effects. Technical effects certainly included batch effects from differences in laboratory protocols, varied hybridization efficiencies, and scanning artifacts. Although we did not systematically identify the sources of variation, biological effects may have been greater and more elusive. Complex biological systems exhibit large transcriptional fluctuations of many genes. For example, the circadian cycle affects airway inflammation in asthma (53) and affects many genes in health, depending on tissue (61) . A likely source of biological noise was the immune system. The healthy lung has a resident immune population, and the ventilated lung undergoes an inflammatory immune response. In healthy subjects, studies of immune gene expression are confounded by many factors related to previous immune system activation, diet, and stress (40) .
Previous work showed that there are many annotation errors with the 25mer oligonucleotide sequences on Affymetrix chips; many do not bind any known sequence, and many bind nonspecifically to multiple transcripts, producing FDRs of 30 -40% with standard analysis procedures (21) . We addressed this problem by using updated, more accurate definitions for the Affymetrix probe sets. While qRT-PCR can technically validate positives, it does not resolve insufficient sample sizes or confounding effects.
There are several obvious biases of our study that arose from the zealous use of public data in order to boost sample size. Each set of experiments used in the cross-species data set was performed in a separate lab and was limited to a single species; therefore, species and batch are confounded. For many of the data sets obtained from the NCBI Gene Expression Omnibus (GEO), age and sex information were not provided. In the cross-species data set, mice were overrepresented and there were no ventilated human samples. However, the mice were heterogeneous; five common, inbred mouse strains were represented in the control group and two were in the ventilated group. Combining different mouse strains in microarray experiments can reduce noise and identify conserved responses (39) . Because previous work has shown great variability in lung responses to hyperoxia between inbred laboratory mouse strains (84), we believe that the approach of combining these data from different strains, with SVA, further reduced noise. The C57BL/6J strain, which was the majority of ventilated BPD, bronchopulmonary dysplasia; FX, fold change calculated only from the 10 baboon samples; qRP, Rank Products q value for significance of differential expression between control and ventilated baboon samples; Rank Percentile, percentile rank of likelihood of ATF3 and FOS regulation (e.g., ELN has a Rank Percentile of 0.91, meaning that ELN ranks in the top 0.91% of all 9,834 genes in the PAP database for the likelihood of being regulated by ATF3 and FOS). http://physiolgenomics.physiology.org/ mouse samples (13 of 16 total), is a median representative of lung damage in hyperoxia (84) and was unlikely to introduce large bias to the ventilated group. Within the cross-species data set, the overall proportion of primates among normal control and ventilated samples is quite similar-approximately 24% of control samples and 21% of ventilated samples were either human or baboon, while the intraprimate balance was less ideal. However, given the existing batch effects and missing covariate information from the public rodent data, obtaining a larger sample size was our foremost priority. To identify the most conserved responses, we deliberately chose, at the outset, to increase sample size in lieu of using a completely balanced study design, and comparison of our results from the crossspecies data set to the repeat analysis minus human samples indicated that the net result was a loss of power rather than a species-specific bias. Despite the drawbacks, our results suggest that incorporation of publicly available data from divergent species can improve results, particularly in complicated and expensive disease models where samples are necessarily limited, such as the baboon midgestational model of BPD.
Highly conserved transcriptional responses. Many differentially expressed genes from the cross-species analysis have not been previously associated with VILI, while others do have established roles in oxidative stress, mechanotransduction, and pulmonary disease, helping validate this approach. Among differentially expressed genes, MMP8 inhibits alveolo-capillary protein leakage in ventilated mice (25) and is required for polymorphonuclear neutrophil chemotaxis in response to LPSinduced inflammatory response (77) . AMPD3 decreases inosine monophosphate levels, recruiting neutrophils to the reperfused lung (62) . SOCS3 is a well-known inflammatory gene whose adenoviral expression in rodent lung causes increased lung vascular permeability (30) . LITAF (LPS-induced TNF-␣ factor) is a TF whose activation by p38␣, in response to LPS, binds STAT6B and activates TNF-␣ (75, 76) . TNF levels are predictive of severity of ARDS (37), and TNFRp55-null mice are protected from pulmonary edema by high tidal volume (86) . The A2B receptor is a well-studied proinflammatory gene that induces various cytokines, including MCP1 (80), and is increased in the lung by mechanical ventilation (27) . The biological relevance of significant differentially expressed genes obtained by our analysis suggests improvement over previous analyses of divergent lung ventilation data.
Regulatory pathway prediction. ATF3 and FOS likely regulate other genes in the context of the mechanical strain, immune activation, and hyperoxia of VILI, as both TFs are themselves transcriptionally regulated, early/adaptive stressresponse genes. Because both bind AP1 sites (1), we hypothesized that they act coordinately to modulate transcription of clinically relevant genes in VILI. Because the concentration of TFs is tightly regulated in living cells (65) , likely because of potent effects of changes in their availability (e.g., Ref. 23), small changes likely produce substantial downstream effects, particularly for factors such as FOS with widespread binding sites. Indeed, previous studies have established the presence of AP1 components in VILI, as FOS is an early response gene in the ventilated lung (79) , and increased AP1 binding occurs preferentially with mechanical ventilation compared with LPS treatment (2, 32) . FOS is also induced by diverse mechanical stimuli and oxidative stress (4, 38, 41) and has prominent roles in immune activation in lung alveoli (35) . Similarly, ATF3 protects against oxidative damage (93) , attenuates inflammation by repressing CCL4 release from macrophages (46) , and has been proposed to be a key modulator of macrophage activation (65) . Because selective inhibition of neutrophil influx, despite hyperoxia, in the neonatal rat model of BPD protects against lung damage (92) , it is likely that much of the pulmonary damage in BPD is due to the massive infiltration of immune cells, which release various ECM remodeling en- Table 2 and Table 4 (both tables from the baboon cohort) were clustered by hierarchical clustering with complete linkage. Sample clustering is omitted, as the probe sets in this figure were chosen on the basis of their ability to discriminate between control and ventilated samples. Lighter yellow indicates upregulation; darker red indicates downregulation.
zymes, including elastase (13) . Mice null for ATF3 show an increased immune response in a model of airway inflammation (33) , indicating a likely role for ATF3 in modulating the immune response during ventilation. Because, of the TFs identified from the cross-species data set as being significantly differentially expressed PWMs were only available for ATF3, FOS, and MYC, there was certainly an inherent bias introduced, because we could not identify targets of the remaining TFs. Identification of consensus sites and generation of PWMs for the remaining TFs identified in the cross-species data set would allow finer dissection of the transcriptional regulatory mechanisms in VILI, which underscores the need for identification of PWMs for the remaining TFs.
Midgestational baboon model of BPD. Currently, there are only a very small number of reports of human oligonucleotide microarrays paired with baboon tissue (19, 20, 48, 71) , and there are not yet high-quality genome sequence data available for the baboon with which to validate probe sets. However, the baboon midgestational model replicates human BPD, the most severe manifestation of VILI, with high fidelity (17) , and our microarray analysis of this model has revealed compelling targets for further study. More transcripts were available for testing the baboon cohort separately because not all orthologs are known in the four species or were not queried on all platforms. However, given the gross inaccuracies of the original annotations for Affymetrix GeneChips (21) as discussed category title, Gene Ontology (GO) category name; category size, total number of probe sets in the data set assigned to the given GO category or predicted to have regulatory regions bound by a given transcription factor (TF); PKS, unadjusted P value; qKS, FDR-adjusted q value; consensus site, corresponding bound TF. Note that statistics were determined by 10,000 random draws in all cases; statistics reported as "less than (Ͻ)" resulted from no random draws being more significant than observed for the given gene set. above and the extremely high coding sequence conservation overall between baboon and human, we believe the species differences are marginal compared with the artifacts that would arise from using any unverified sequence definitions for any primate. However, because the smaller sample size of the baboon group and species-mismatched hybridizations might lead to false discoveries, we used TaqMan qRT-PCR to first verify selected, key results, followed by computational prediction of ATF3-FOS targets to prioritize the results of testing the baboon cohort separately. This also permitted identification of (evolutionarily divergent) transcriptional targets of ATF3-FOS that may be unique to primates; previous work has shown that TFs with highly conserved roles can have very divergent binding sites between mouse and human tissues (57) .
Age-related transcriptional differences likely explain much of the variation in our results when the baboon cohort was tested separately from the entire cross-species data set, as the baboons were the only gestational samples in this study. This also likely contributed to the lower overlap between the set of 37 genes prioritized by Wurfel (90) and the results of testing the baboon group compared with the overlap between those 37 genes and the results of testing the cross-species group. In addition, necessarily higher FDRs in the baboon group, due to the smaller sample size, may also have contributed to lower overlap. The smaller percentage of differentially expressed genes from the cross-species analysis was likely relevant to all ages and species. Our results from the baboon cohort suggest that there are unique components of the transcriptional response to mechanical ventilation during development and that additional studies are required to precisely identify the agedependent mechanisms that appear to confer varied susceptibility to VILI.
Our analysis suggests key roles for ATF3 and FOS in regulating the immune response associated with mechanical ventilation during the development of BPD. Among ATF3-FOS targets in the baboon model were genes known to be dysregulated in chronic lung injury in premature neonates, where mechanical ventilation and supplemental oxygen are primary risk factors (44) . Our results support established roles for transforming growth factor-␤ (TGF-␤) signaling in VILI and identified previously unknown modulators. The 27 genes of the "TGF-␤ receptor signaling pathway" Biological Process ontology were associated with lung ventilation at a 10% FDR (baboon group, Table 5 ). TGF-␤ and ATF3 can cooperate in transducing injury signals in epithelium (45) , and TGF-␤ can also drive epithelial to mesenchymal transition, which is involved in the pathogenesis of fibrotic disorders of the lung (85) . Similarly, several ATF3-FOS target genes identified in this study are known targets of TGF-␤ signaling, including ELN, GPC3, CTGF, and GRP. ELN, which provides important structural properties to the lung, is upregulated by mechanical ventilation in premature neonatal lambs (59) , baboons (56, 59) , and mice (11) . ELN is normally expressed in the lung during development and is quiescent in healthy adult lung (52) , but aberrant ELN expression is induced in fibrotic disorders of the lung (72), in pulmonary hypertension (78) , and during lung growth in response to pneumonectomy (47) . GPC3, which has not been previously associated with VILI, was repressed in our samples and is repressed by TGF-␤ (66). CTGF was upregulated in our study and is induced by high tidal ventilation in newborn rats (89) . GRP was significantly upregulated in the baboon data set and contributes to impaired lung development in premature baboons with mechanical ventilation support (74) . These predicted target genes support the hypothesis that ATF3 and FOS interact to regulate genes involved in the pathogenesis of neonatal injury from mechanical ventilation.
Other genes from the baboon model included those with previous roles that merit further study in VILI. Most compelling are TNFRSF21, which has known roles in eosinophil accumulation and airway inflammation (81); ADCYAP1R1 [mice null for this gene have pulmonary hypertension and die of heart failure soon after birth (58)]; and TNFRSF12A, a receptor for the TNF family cytokine TWEAK, which modulates inflammation and apoptosis (88) . In human bronchial epithelial cells, the induction of inflammatory markers by TWEAK requires TNFRSF12A (91) .
Detection of significantly altered gene ontologies and motifs. Previous work has suggested that EDF tests can outperform the hypergeometric alternatives in the detection of broad changes in gene expression across entire classes of genes (8) . They allow discovery of relevant, coordinate groups of genes by examining the entire distribution of statistics. Our results are consistent with previous work suggesting important roles for inflammation, stress response, and the aberrant reactivation of developmental pathways in VILI. Various ontologies related to binding were associated with the response to ventilation, likely due to an elevated stress response as well as oxidative damage to DNA and proteins (51, 67) . However, our results for GO and TF consensus motif testing consistently had a substantially higher FDR in the cross-species data set compared with the baboon group. This is likely due to the combination of fairly high numbers of categories (in both groups) with at least five genes, adding to the multiple testing burden, as well as the smaller overall size of all categories represented in the crossspecies data set (data not shown). Methodology for the analysis of gene set enrichment is currently an area of active research. For motif detection, PAP was chosen because it contains PWMs from TRANSFAC and JASPAR that are predicted to be in highly conserved regions. Our results from the analysis provide more important regulatory clues in VILI and suggest roles for other factors. These results and others suggest that experimental manipulation of these predicted, conserved upstream regulatory mechanisms is likely to reveal the events that shape outcomes of patients undergoing ventilation with supplemental oxygen.
Conclusion. Our results reveal a highly conserved response to mechanical ventilation of the lung and have shown that ATF3 and FOS are differentially expressed across several animal models of VILI, where a pronounced immune response has been directly linked to pulmonary damage. We identified genes regulated by ATF3 and AP1 as candidates for targeted intervention to reduce complications from mechanical ventilation. Because recent work suggests prominent roles for ATF3 in the regulation of airway inflammation (33) , treatments that induce ATF3 in the neonatal or adult lung before ventilation and supplemental oxygen may be protective by reducing the massive immune response that contributes to pulmonary ECM remodeling and damage. This suggests that by dissecting the transcriptional response based on regulatory predictions, specific components can be targeted in order to improve outcomes in patients. Identification of the binding sites for many other TFs that were differentially expressed will allow further dissection of the upstream signaling pathways modulated by mechanical ventilation. Future studies in neonatal and adult knockout mice undergoing mechanical ventilation will allow for finer genetic dissection of regulatory mechanisms activated during ventilation.
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